Abstract. Inhibins/activins are secreted polypeptides of the transforming growth factor-ß superfamily, forming a family of dimeric, disulphide-linked proteins. Inhibins are composed of an ·-subunit and one of two possible ß-subunits. Both inhibins and activins have substantial roles in human reproduction and in endocrine-responsive tumors. However, the prognostic significance and clinical implications of the inhibin-· subunits in uterine endometrioid adenocarcinomas is still not clearly defined. A series of 231 uterine endometrioid adenocarcinomas of a previous well-characterized cohort were re-evaluated for the expression of the inhibin-· subunit and correlated with several clinicopathological characteristics and clinical outcome. Additionally, several endometrial epithelial cell lines (Ishikawa plus and minus, HEC-1A, HEC-1B and RL95-2) were analyzed for the expression of this subunit using immunohistochemical and molecular biological techniques. A significant association between the inhibin-· subunit and histological grade, surgical staging and myometrial invasion was demonstrated. Survival analysis demonstrated that inhibin-· immunoreactivity significantly affected progression-free, cause-specific and overall survival of patients with endometrioid adenocarcinomas. The analyzed endometrial cancer cell lines can also synthesize this subunit. Inhibin-· seems to have a substantial role in the carcinogenesis and pathology of uterine endometrioid carcinomas, and might be used as a marker to identify highrisk patients and may aid in the selection of patients for a more aggressive adjuvant therapy. Since uterine cancer cell lines express the inhibin-· subunit, they constitute adequate in vitro models for assessing its function in endometrial carcinogenesis. However, further research is warranted to elucidate the possible implications of inhibin-· in endometrial carcinogenesis.
Introduction
Uterine cancer has become the most frequent gynecologic malignancy in the Western world (1) (2) (3) . Meanwhile, endometrial cancer has been classified in two different clinicopathological categories according to several biological and molecular characteristics (2, (4) (5) (6) . Type I endometrial cancers account for almost 80% of endometrial cancers, being mostly endometrioid adenocarcinomas with low histological differentiation and a more favorable outcome compared to Type II endometrial cancers (1) (2) (3) (4) (5) 7) . Although several prognostic factors have been established (1, 2) , it is assumed that approximately 20% of these patients die due to their disease (3) . This is actually an unusual situation for a solid tumor, especially since patients with endometrial cancer are diagnosed in an early stage.
Inhibins are heterodimers that consist of an ·-subunit and one of two possible ß-subunits (ßA or ßB) linked by disulphide bonds, whereas activins are homodimers of ß-subunits (8) (9) (10) . Inhibins and activins are secreted polypeptides of the transforming growth factor-ß (TGF-ß) superfamily (8) (9) (10) . The TGF-ß proteins have been recognized as important regulators in human reproduction (11, 12) and carcinogenesis (13, 14) . Moreover, TGF-ß is thought to act as a tumor suppressor in premalignant stages of carcinogenesis with an additional role as a pro-oncogene in later stages of the disease, leading to metastasis (15) . In this context, the ß-subunit has been identified as a tumor suppressor that was first observed after functional deletion of the inhibin-· gene in mice (16, 17) . These knock-out mice presented with ovarian granulosa cell tumors of high penetrance, leading to high lethality (16, 17) . Even when the pups were ovariectomized after birth, they developed adrenocortical tumors (16, 17) .
The primary roles of inhibin/activin have been defined in the modulation of FSH production (18) , exerting a substantial function as endocrine regulators of the human reproductive endocrine axis. Additionally, they have also been detected in endocrine tumors (19) , including ovarian (19) (20) (21) , endometrial (22) (23) (24) (25) (26) and breast cancer tissue (27, 28) . Moreover, their differential expression has suggested an important role in malignant cell transformation (19, 22, 23, 25) . The inhibin-· subunit was recently demonstrated to be an independent prognostic parameter in a large cohort analysis of 302 human endometrial carcinomas (23) . However, a re-evaluation of the inhibin-· subunit in uterine non-endometrioid carcinomas revealed no better survival (29) . Therefore, it is inferred that inhibin-· might only be a significant prognostic marker in endometrioid adenocarcinomas. However, the precise prognostic significance and clinical implications of the inhibin-· subunit in endometrioid adenocarcinomas have not yet been completely elucidated. Since the inhibin-· subunit might have a high clinical relevancy in endometrial cancer, an understanding of the molecular mechanisms underlying the synthesis and regulation of inhibins and activins in this tumor type is warranted. Human endometrial epithelial cancer cell lines are good in vitro models for studying carcinogenesis. The phenotypic characteristics of these endometrial epithelial cell lines differ markedly, so the knowledge of the expression patterns of inhibin-· synthesis in these cells is necessary for studying specific pathways regarding carcinogenesis.
Therefore, aims of this analysis were the re-evaluation of the inhibin-· expression in a large, well-characterized cohort group (23, (30) (31) (32) with respect to endometrioid adenocarcinoma histology. Additionally, several endometrial epithelial cell lines were analyzed for the expression of this subunit by using immunohistochemical and molecular biology techniques.
Material and methods
Tissue samples. Pathological and surgical records of 231 patients who had been operated in the First Department of Obstetrics and Gynecology, Ludwig-Maximilians-University Munich between 1990 and 2002 were reviewed for this retrospective analysis. The evaluated patient group has been previously well-characterized (23, (30) (31) (32) , with 221 analyzed cases of endometrioid adenocarcinomas (23) . In this study 10 additional cases have been included and the inhibin-· subunit expression was evaluated in regard to endometrioid histology. In this re-evaluation, women with histological types other than endometrioid adenocarcinomas (mucinous, serous, clear-cell or mixed adenocarcinomas and squamous-cell, transitional-cell, small-cell or undifferentiated carcinomas) were excluded from this study as previously described (30, 33) . Additionally, patients with variants of endometrioid adenocarcinoma (including the variant with squamous differentiation, villoglandular variant, secretory variant and ciliated cell variant) were also excluded from this study.
Patient data were obtained from the hospital tumor registry, an automated database and a chart review as previously described (23, 32) . All cases of recurrence had radiographic evidence of disease or biopsy-proven progression of disease. The records of patients who died of disease were considered to be uncensored; the records of all patients who were alive at follow-up or who did not die of disease (or a related cause) were considered to be censored. Additionally, the cases for which the exact cause of death was unknown but died within two years after the diagnosis of a metastatic lesion were also considered as censored cases (23, 32) .
Immunohistochemistry. Immunohistochemistry was performed using a combination of pressure cooker heating and the standard streptavidin-biotin-peroxidase complex by using the mouse-IgG-Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA, USA) as previously described (23, 24) . The mouse monoclonal antibody used for the experiments was the inhibin-·, clone R1, monoclonal mouse IgG2a, diluted in PBS 1:50 as previously described (23) (24) (25) .
Cells and cell culture. The endometrial cancer cell lines Ishikawa plus (estrogen receptor positive), Ishikawa minus (estrogen receptor negative), HEC-1A, HEC-1B, and RL95-2 were obtained from ATCC (LGC Promochem GmbH, Wesel, Germany) and were grown in Quantum 263 medium (PAA, Pasching, Austria), supplemented with antibiotics at 37°C in a humidified atmosphere with 5% CO 2 as previously described (34, 35) .
Immunofluorescence analysis. Cells grown on glass coverslips were fixed with acetone for 10 min at room temperature and washed twice with PBS. Non-specific binding was blocked by incubating the sections with Ultra-V-Block (Lab Vision, Fremont, CA, USA) for 15 min at room temperature. Thereafter, slides were incubated with inhibin-· antibody (1:50 in dilution medium provided by DAKO, Glostrup, Denmark) overnight at 4˚C, followed by incubation with a 1:500 diluted Cy3-conjugated goat anti-mouse antibody (Dianova, Hamburg, Germany). The slides were finally embedded in mounting buffer containing 4,6-diamino-2-phenylindole (DAPI) resulting in blue staining of the nuclei. Slides were embedded with Vectashield mounting medium (Axxora, Lörrach, Germany) and examined with a Zeiss (Jena, Germany) Axiophot photomicroscope. Digital images were obtained with a digital camera system (AxioCam, Zeiss) and saved on a computer with the microscope software AxioVision (version 4.7, Zeiss).
RT-PCR analysis. RNA was extracted from cells by using the Nucleospin RNA II kit (Macherey-Nagel, Düren, Germany) as previously described (35,35a) . Reverse transcription was performed with M-MLV reverse transcriptase and oligo-dT (Promega, Mannheim, Germany) as recommended by the supplier. PCR was performed in an Eppendorf Mastercycler with GoTaq (Promega). Primer sequences were (5'-3'): CCGGCCATCCCAGCATACACGC (forward primer) and GAGTTGAGCGTCGGGCTCTC (backward primer) and amplified a 359 bp product of the inhibin-· cDNA. PCR cycling was performed after a 5 min initiation at 94˚C with 36 cycles of 1 min at 94˚C, 1 min at 57˚C, 2 min at 72˚C, followed by a 5 min extension at 72˚C. For a cDNA quality control, actin primers [forward primer (5'-3'): CGAGAAG CTGTGCTACGTCG; backward primer (5'-3'): CGCT CAGGAGGAGCAATGAT], amplifying a 366 bp product, were used as previously described (35a) . As a further control, cDNA was omitted (water control) to reveal any PCR contaminations. PCR products were separated on a 1.5% agarose gel, including a pBR328 marker (Roth, Karlsruhe, Germany). Gels were stained with Sybr-Safe (1:10,000 dilution) (Invitrogen, Karlsruhe, Germany) prior to gel electrophoresis and after a completed run tranferred on a UVpermeable tray to a Bio-Rad Image Analyzer (Bio-Rad, Munich, Germany). The generated electronic picture file was exported as a TIFF file and imported in a PowerPoint presentation file in order to crop and label the figure.
Statistical analysis. The intensity and distribution patterns of the specific inhibin-·-subunit immunohistochemical cytoplasmic staining reaction were evaluated using a semiquantitative score as previously described, used to assess the expression pattern of inhibin/activin subunits (23,24,35a,36) . The IRS score was calculated by multiplication of the optical staining intensity (graded as 0, no staining; 1, weak; 2, moderate; and 3, strong staining) and the percentage of the positive stained cells (0, no staining; 1, <10%; 2, 11-50%; 3, 51-80%; and 4, >81% of the cells).
For the purposes of the statistical survival analysis, the median of the inhibin-· staining intensity for all tumor samples was used (median for inhibin-· = 0) as previously described (23) . Therefore, the IRS value ≥1 was considered to be a negative expression. For comparison of the increased/ positive vs. not increased/negative immunostaining in tumor samples the ¯2 test and the exact Fisher's test were used where applicable.
The outcomes analyzed were progression-free survival, cause-specific survival and overall survival. Univariate analysis was performed with Kaplan-Meier life-table curves to estimate survival and were compared using the log-rank test (37) . Prognostic models used multivariate Cox regression analysis for multivariate analyses of survival. Data were adjusted for age (≤65 years vs. >65 years), FIGO stage (FIGO I/II vs. FIGO III/IV), WHO grade (grade 1+2 vs. grade 3), lymph node involvement (categorical variable), lymphovascular space invasion (positive vs. negative), myometrial invasion (positive vs. negative), cervical invasion (positive vs. negative), ovarian invasion (positive vs. negative) and inhibin-· (positive vs. negative). The variables were entered in a forward stepwise manner (38) . Significance of differences was assumed at p≤0.05 (SPSS version 16.0; SPSS Inc., Chicago, IL).
Results
Clinicopathological characterization. The clinicopathological features of the endometrial carcinomas are summarized in Table I . The median patient's age at the time of diagnosis was 65.56 years (range, 36.18-89.35 years). The pathological stage and histological subtype were determined for each surgical specimen according to the 1988 International Federation of Gynecology and Obstetrics (FIGO) criteria (39) . One-hundred and eighty-three (79.2%) patients were diagnosed in FIGO stage I, while 16 (6.9%) and 24 (10.4%) patients had FIGO stages II and III, respectively, and 8 patients (3.5%) presented with metastatic disease (FIGO IV).
The histological classification was performed according to the World Health Organization system. There were 142 (61.5%) of well-differentiated (G1) tumors, 63 (27.3%) moderately-differentiated (G2) and 26 (11.3%) poorlydifferentiated (G3) tumor samples. Of the 231 analyzed endometrial tumor samples, 75 patients (32.5%) presented with a myometrial invasion >50% of the uterine size. Additionally, 26 (11.3%) and 16 patients (6.9%), presented with a cervical and ovarian metastatic invasion, respectively. Lymphovascular space invasion was demonstrated in 19 (8.2%) patients.
Pelvic and/or para-aortic lymph node sampling was performed for 162 patients (70.1%) while 13 patients (5.6%) demonstrated lymph node metastasis. A low FIGO stage (FIGO Ia), obesity, advanced age and excessive comorbidity were factors against a full surgical staging in 69 patients (29.9%). Obesity was observed in 84 (36.5%) cases, while 94 (40.7%) and 28 (12.1%) patients presented with hypertension and diabetes respectively. Of the 231 analyzed patients, 82 (35.5%) received radiation therapy, while 7 (3%) and 5 patients (2.2%), respectively, received anti-hormonal therapy and chemotherapy. During the follow-up interval, tumor recurrence was observed in 32 patients (13.9%) and 25 patients (10.8%) died of disease. Sixty-two patients (26.8%) died during the entire observation period.
Endometrial carcinoma samples. The mean of the IRS score for inhibin-· was 0.45±0.972 (mean ± SD) and the staining intensity 0.24±0.429 (mean ± SD). Positive inhibin-· immunostaining was observed in 56 (24.2%) endometrial carcinoma samples (Fig. 1) . Analysis of positive and negative expression, Table I . Clinicopathological characteristics and univariate statistical analysis for the inhibin-· subunit according to various clinicopathological features. using univariate analysis (¯2 test) revealed a significant association of inhibin-· immunolabeling with histological grading, FIGO stages and myometrial invasion (Table I) . Interestingly, in poorly-differentiated endometrioid adenocarcinomas the expression of inhibin-· was down-regulated, confirming previous results (23, 25, 40) .
----------------------------------------------------------------------------------------------------

Inhibin-· in human endometrial epithelial carcinoma cell lines. The Ishikawa cell line is derived from a well-differentiated endometrial adenocarcinoma with high adhesiveness and glandular and luminal epithelial characteristics (41-43).
The HEC endometrial cancer cells are also derived from a well-differentiated endometrial adenocarcinoma but with high polarization and poor adhesiveness (44) (45) (46) (47) . In contrast, RL95-2 cells have been isolated from poorly-differentiated endometrial adenosquamous carcinomas (48) . Several undifferentiated cell strains have been developed from these original cell lines with different characteristics, especially regarding estrogen and progesterone receptor expression (i.e. HEC-1A and HEC-1B; Ishikawa plus and Ishikawa minus) (41, 44) . While Ishikawa positive cells express estrogen and progesterone receptors (49) (50) (51) , their clone Ishikawa minus lacks both receptors (42, 52) . HEC-1A cells synthesize both steroid receptors (49, 53) , though the HEC-1B cells do not express the progesterone receptor (49, 53, 54) . Similarly, the RL95-2 cell line expresses the estrogen receptor without any detectable levels of the progesterone receptor (49,55) .
We, therefore, tested the expression of inhibin-· in the human cancer cell lines Ishikawa plus (estrogen receptor positive), Ishikawa minus (estrogen receptor negative), HEC-1A, HEC-1B and RL95-2. Immunofluorescence analysis of all cell lines demonstrated immunolabeling of this novel ·-subunit at the protein level. Expression of inhibin-· was primarily found to be located in the cytoplasma of the analyzed endometrial cancer cell lines (Fig. 2) .
To analyze the inhibin-· subunit expression at the transcriptional level, RNA was extracted from samples of human endometrial cancer cells, transcribed into cDNA, and analyzed by RT-PCR analysis using specific inhibin-· primers. Fig. 3 demonstrates that the mRNA of the inhibin-· subunit is expressed in all the analyzed endometrial cancer cell lines. Interestingly, Ishikawa plus demonstrated a lower inhibin-· mRNA compared to the other cancer cell lines.
Survival analysis. The overall median follow-up was 85.53 months (range 0.03-179.77 months). Univariate survival analysis demonstrated significant differences in progressionfree survival, cause-specific survival and overall survival for inhibin-·. Overall, a positive inhibin-· staining intensity resulted in worse progression-free and overall survival, although without statistical significance (Fig. 4) .
The Cox regression led to a model containing three independent terms that were predictive of progression-free survival: FIGO stage (p=0.003), cervical invasion (p=0.003), LVSI (p=0.018) and inhibin-· (p=0.031). Independent Table I . Continued. 
prognostic factors for cause-specific survival were the FIGO stage (p=0.009) and cervical involvement (p=0.001). The overall survival was influenced by the patient's age (p<0.001), histological grading (p=0.046), cervical involvement (p<0.001), positive lymph node status (p=0.009) and inhibin-· expression (p=0.003) (Table II) .
Discussion
Although initially characterized as endocrine and paracrine hormonal regulators of the hypothalamic-pituitary-gonadal axis (18) , it is now evident that inhibins and activins are expressed in a wide range of tissues including normal human endometrium (24) , cultured human endometrial cells (22, 56, 57) , hyperplastic and malignant human endometrial tissue (26, 58, 59) . Recently, the differential immunohistochemical expression of the inhibin-·, -ßA and -ßB subunits was demonstrated in a cohort group of 302 endometrial cancer patients (23) . Although inhibin-· immunoreactivity was a significant independent prognostic factor, the ßA-and ßB expression did not affect patient survival (23) . In this reevaluation of 231 endometrioid uterine adenocarcinomas, an association between the surgical stage, histological differentiation and myometrial invasion and inhibin-· immunolabeling was demonstrated, suggesting a substantial function of this subunit in human endometrial carcinogenesis. Moreover, all analyzed endometrial cell cancer lines demonstrated a positive expression of this subunit by immunohistochemical and molecular biological techniques.
The most extensive knowledge of the inhibin-subunits is mainly a result of experiments in knock-out mice. It appears that the most important function of the ·-subunit is its tumor suppressor activity, which was first identified after functional deletion of the inhibin-· gene in mice (16, 17) . Since immunolabeling of inhibin-· constitutes an independent prognostic 
factor for progression-free and overall survival in endometrioid adenocarcinomas, a putative tumor suppressive function in human endometrial cancer might be suggested (16, 17) .
Although immunolabeling of the inhibin-· subunit may be useful in identifying high risk patients, the action of this subunit and its dimeric glycoproteins inhibin A and B in endometrial carcinogenesis is still not elucidated. One major reason for this might be the fact that specific signaling receptors for inhibins have not yet been identified (60) . Meanwhile it is known that inhibins are capable of binding type II activin receptors and BMP receptors through their ß-subunits, although with a very low affinity (60) . This led to the assumption that additional inhibin-binding proteins might increase the affinity of inhibin for the type II receptors. Although several putative inhibin binding proteins have been described (61) , only the type III TGF-ß receptor (TGFBR3), also known as betaglycan, has been demonstrated to increase the binding affinities of inhibins to the activin and BMP type II receptors (7, 62) . The loss of betaglycan expression seems to be a key feature in carcinogenesis, associated with increased cancer cell motility and invasiveness (63) (64) (65) (66) (67) as well as with increased histological tumor grade and clinical stage (40, 68) . Interestingly, in ovarian cancer cells, loss of inhibin A responsiveness has been associated with a more aggressive tumor phenotype (69) . Moreover, overexpression of betaglycan resulted in a significant reduction in cell migration whereas inhibin-· gene silencing enhanced both migration and invasion (63) . Whether the inhibin/betaglycan mediated cellular processes might also be disrupted in endometrial cancer is still undefined.
In order to elucidate the function of inhibin in human cancer, the understanding of the cell type-specific action of inhibin seems to be an important step. Therefore, adequate in vitro models are necessary to address these important questions. The most widely used models for assessing endometrial carcinogenesis are the endometrial cancer cell lines. The first available endometrial cancer cell line was the HEC-1 cell line, which was derived almost 40 years ago (44) . The most commonly used endometrial epithelial cell lines are derived from poorly-differentiated (i.e. RL95-2) or welldifferentiated (i.e. Ishikawa) endometrial adenocarcinomas (41, 48) . Moreover, several undifferentiated cell strains were developed from these original cell lines with different characteristics, especially regarding their expression of the estrogen and progesterone receptors (i.e. HEC-1A and HEC-1B; Ishikawa plus and Ishikawa minus) (41, 44) . Several inhibin-subunits have been observed in the Ishikawa and RL95-2 cell lines by using immunohistochemical techniques (35, 70, 71) . In this study, inhibin-· synthesis was demonstrated in several endometrial cancer cell lines by using immunohistochemical and molecular biological techniques. The use of these endometrial cancer cell lines, including subclones with minimal or no steroid receptor expression, seems to be of primary importance, since an association between activin and estrogen in regulating breast cancer cells has been suggested (72) . Therefore, depending on the primary aim, HEC, Ishikawa and RL95-2 cell lines could be used in assessing the inhibin-· function in endometrial carcinogenesis.
Overall, the inhibin-· subunit demonstrated a significant association with histological grading, surgical staging and myometrial invasion in patients with endometrioid adenocarcinomas. Additionally, survival analysis demonstrated that inhibin-· immunoreactivity significantly affected progressionfree, cause-specific and overall survival of patients with endometrioid adenocarcinomas, confirming previous results. Moreover, several endometrial epithelial cancer cell lines can synthesize the inhibin-· subunit, constituting adequate in vitro models for assessing inhibin-· function in endometrial carcinogenesis.
